ABSTRACT
sion of several metabolic enzymes is altered by disturbances in acid-base homeostasis, and the function of plasma membrane channels and transporters is affected by variations in pH (1, 3) . Therefore, the acidbase status is tightly regulated by a series of molecules including several plasma membrane proton (H ϩ ) extrusion systems, such as the Na ϩ /H ϩ exchanger (NHE) protein family (1, 4, 5) . Members of the family are found ubiquitously in most living organisms and are involved in a variety of vital cell functions (4, 6) . In addition to maintaining acid-base homeostasis, they regulate functions such as cell volume and absorption of salt and water across various epithelia (4, 7, 8) .
The mammalian NHE protein family catalyzes the net exchange of extracellular sodium (Na ϩ ) for intracellular H ϩ (4, 6) . This exchange reaction is reversible, and, in physiological conditions, the constant driving force for H ϩ extrusion is provided by the inwardly directed Na ϩ gradient produced by Na ϩ -K ϩ -ATPase. Internal H ϩ finely regulates the exchanger's activity, because of the steep intracellular pH (pH i ) dependence of the rate of exchange that allows NHE isoforms to respond to small changes in pH i . Thus, intracellular H ϩ serves as an allosteric modifier of the exchanger, and H ϩ sensing is predicted to occur at clusters of electrostatically coupled amino acids of the NHE isoforms' C termini (9 -11). These basic properties of this family of proteins have been known since the 1980s (12), but the biophysical and molecular mechanisms that govern these functional features of the exchanger have not been well defined.
In mammals, the NHE protein family comprises 9 related gene products (NHE1-9), a cluster of distant NHE-related genes (NHA1 and NHA2) and a spermspecific NHE gene product (4, 7, 13 ) that exhibit distinct patterns of cell expression and membrane localization specific to their functions (4, 7, 13) . In the epithelium of the kidney and intestine, the apically located exchanger isoform 3 (NHE3) plays a fundamental role in sodium reabsorption and acid secretion (14, 15) . Indeed, the NHE3 transport function is regulated by a wide range of hormonal stimuli, and its activity is central in a multiplicity of severe clinical conditions, such as hypertension, diarrhea, diabetic nephropathy, acute kidney injury, and heart failure (7, 16) . A variety of interacting proteins with the NHE3 regulatory C-terminal cytoplasmic domain finely coordinate NHE3 transport (17, 18). One such binding partner is the calcineurin homologous protein (CHP).
CHP is part of the calcium (Ca 2ϩ ) binding protein family characterized by an EF-hand structural motif (i.e., the Ca 2ϩ binding region composed of the E and F helices joined by a loop; refs. 19 -21). Thus far, the CHP subfamily comprises 3 known members, all of them targeting several members of the NHE subfamily (19, 22, 23 ) and serving as essential cofactors for NHE isoform activity, specifically 20, [22] [23] [24] [25] [26] [27] [28] . CHP binds NHE isoforms at the predicted H ϩ -sensing amino acid cluster and the CHP-NHE complex formation is essential for optimal NHE1 activity (23, 26, 27). Furthermore, CHP binding to NHE1 stimulates its biosynthetic processing and trafficking to the plasma membrane (22, 29) . Specifically, CHP isoform 1 has been found either to modulate NHE3 constitutive transport or to mediate acute inhibition of NHE3's activity by the adenosine receptor subtype 1 (A1R; refs. 24, 25).
In this study, we investigated the seemingly contradictory functions of the CHP1-NHE3 complex, and the findings provided new insights into the molecular mechanisms that are activated by the complex. Using oscillating pH microelectrodes combined with wholecell patch-clamping, we determined that CHP1, when bound to NHE3, controls its pH i sensitivity, indicating that CHP1 interaction with NHE3 may control its sensitivity to regulation by intracellular H ϩ . Furthermore, changes in pH i sensitivity dependent on CHP1 binding affect the NHE3 response to specific hormonal stimuli, such as dopamine and adenosine. We established an acute vs. chronic effect of CHP1 expression on the NHE3 transport function, thus clarifying the dissimilar functions found for the CHP1-NHE3 complex. These results are valuable for deciphering the regulatory mechanisms that permit pH i sensing by NHE3 molecules.
MATERIALS AND METHODS

Chemicals
All chemicals were obtained from Sigma (St. Louis, MO, USA), with the exception of the cell culture reagents (DMEM/F12, DMEM, 0.1% trypsin/0.5 mM EGTA, FBS, penicillin-streptomycin solution, and Lipofectamine 2000), which were obtained from Invitrogen (Carlsbad, CA, USA).
Cell culture
Chinese hamster ovary (CHO) and opossum kidney (OK) proximal tubule-like cell lines were from the American Type Culture Collection (Manassas, VA, USA). The CHO cells were cultured on DMEM/F12 supplemented with 10% FBS, 50 IU/ml penicillin, and 50 g/ml streptomycin. The cultures were incubated in a humidified 95% air/5% CO 2 atmosphere at 37°C and subcultured weekly by trypsinization using 0.1% trypsin and 0.5 mM EGTA in PBS. The OK cells were cultured as described previously (24, 25). Both cell lines were transiently transfected by using Lipofectamine 2000, according to the manufacturer's instructions. The cells were maintained in serum-free medium for 48 h before the experiments. For patch-clamp experiments, the CHO and OK cells were trypsinized for 2-3 min and then resuspended in cell culture medium. The cells were used after trypsinization for 2-3 h, after which they were replaced by a new batch of trypsinized cells. The CHO cells were also used for CHP1 protein expression.
Isolation of RNA and RT-PCR
Total RNA was isolated from OK cells grown to confluence in 100 mm-diameter culture dishes with the RNeasy Plus Universal Mini Kit (Qiagen, Germantown, MD, USA), which includes nonenzymatic removal of genomic DNA. RNA samples (5 g) were reverse transcribed with the RT2 First Strand Kit (Qiagen). Polymerase chain reaction was performed for 30 cycles with denaturation at 94°C (30 s), annealing at 55°C (30 s), and extension at 68°C (30 s), with OneTaq 2ϫ Master Mix (New England BioLabs, Ipswich, MA, USA). Samples of PCR products (10 l) were analyzed by electrophoresis on 2% agarose gel and visualized by UV light after staining with ethidium bromide. The following opossum NHE isoformspecific primers were used for PCR: NHE1 forward, 5=-GATGCTGTCACTGTCGTGCTG-3=, reverse 5=-GAAGAGCG-GCTCGATGACC-3=; NHE2 forward, 5=-GACGGGCATCTA-CTTCAACATCT-3=, reverse, 5=-GTCTCCGTGCACTTCGTTT-CTC-3=; NHE3 forward, 5=-TCCTTCACCCTCACCCCAA-3=, reverse, 5=-GTCTCCCATGATGCCACTGA-3=; NHE4 forward, 5=-TGGGAGTTTTTCACTTGCATTTTT-3=, reverse, 5=-TCCATCAGACGGGTATGAAGCT-3=; NHE5 forward, 5=-CGATGCAGTCACAGTGGTGC-3=, reverse, 5=-GGCT-CGATGATACGGACCC-3=; and NHE8 forward, 5=-TGCATTTCTTGGTCTGTCCATC-3=, reverse, 5=-GGAATTGCTC-CACGTAAACCAC-3=.
Patch-clamp experiments
Electrophysiological methods were as published previously (30 -32) . The cells were held in whole-cell configuration (30, 31) . The holding potential in all experiments was kept at 0 mV, and the signals were recorded by Capmeter 6 software, with the amplifier Axon Axopatch 200B (Molecular Devices, Sunnyvale, CA, USA; refs. 30, 33).
Proton-selective microelectrodes
The pH microelectrodes were prepared as described previously (34) . Briefly, proton-selective microelectrodes with tip diameters of 2-4 m were pulled from borosilicate glass capillaries (outer diameter, 1.2 mm; World Precision Instruments, Sarasota, FL, USA). The electrodes were vapor silanized with bis(dimethylamino)-dimethyl silane, with the tip filled with hydrogen ionophore I cocktail B, and backfilled with 100 mM KCl (pH 7.0 with 10 mM HEPES). They were fixed on a holder connected to the high-impedance probe (10 15 ⍀) of an electrometer (FD-223; World Precision Instruments). Average electrode responses were 58 mV per unit of pH from pH 6.0 to 8.0.
Recording chamber, patch pipette oscillation, and cell membrane capacitance All recordings were performed at 35-37°C in a heated recording chamber (RC-26; Warner Instruments, Hamden, CT, USA) in the absence of HCO 3 Ϫ , pH microelectrode recording was as described by Fuster and colleagues (30, 31) and presented in Fig. 1 . After the whole-cell patch-clamp configuration was obtained, the microscope stage was moved to a position with the cell in front of the proton-selective microelectrode (Ϸ5-10 m). A patch pipette then was manually moved laterally between 2 positions (position 1, Fig. 1A , and position 2, Fig. 1B) , far enough apart to detect the entire proton gradient (standard movement between the 2 positions of 50 m). Pipette perfusion via a line was performed (35) with capillaries placed 50 -150 m from the patch pipette tip (Fig. 1A, B, D) . Free flow and adequate cell perfusion through the line were checked by perfusion of a dye before each series of experiments. A representation of the readout from the pH microelectrode (in millivolts) is shown in Fig. 1C , in which a cell was moved repetitively close to (point A) and away from (point B) the pH microelectrode. Oscillations from A to B are representative of NHE activity. Square wave perturbations (20 mV, 0.2 kHz) were used to monitor cell membrane capacitance (C m ) for all whole-cell capacitance recording (Fig. 1D) , with cell parameters determined by the Capmeter 6 software (33) . The readout in millivolts of the pH microelectrodes was translated to H ϩ flux (30, 31) . Briefly, for the whole-cell recording, the cell shape was approximated as a sphere. The H ϩ flux (J H ϩ) can be estimated from the difference in free H ϩ concentration between the cell surface and the bulk solution (⌬H ϩ ):
where D H ϩ and D B are the H ϩ and buffer diffusion coefficients, respectively; B T is the total buffer concentration; K D is the diffusion coefficient of the buffer; r is the cell radius; and ⌬B H /⌬H is the steady-state concentration change of bound H ϩ for a small change in free H ϩ . The flux carried by free H ϩ is negligible in most experiments. H ϩ fluxes were converted into current equivalents of the fluxes (i.e., J H ϩ/Faraday) in picoamperes, so as to correlate the data with those in other studies (30, 31) .
The correlation between NHE activity and differences in potential recorded by the pH microelectrode has been established by ion substitution (extracellular Na ϩ replaced by K ϩ ) and NHE inhibitors (31) . We confirmed this correlation in our setting by using the selective NHE1 inhibitor zoniporide dihydrochloride, which was chosen for this set of experiments because there are no commercially available selective NHE3 inhibitors. Zoniporide dihydrochloride has high selectivity for NHE1, but low selectivity for other NHE isoforms (36, 37) . CHO cells express endogenous NHE1 at the plasma membrane (30, 31, 38) and zoniporide dihydrochloride inhibited the differences in potential recorded by the pH microelectrode in CHO cells in a concentration-dependent manner (Fig. 1E) . The calculated IC 50 was ϳ20 nM, which corresponded well to the published IC 50 of zoniporide dihydrochloride for NHE1 (36) . In OK cells, zoniporide dihydrochloride did not change the differences in potential recorded by the pH microelectrode until a concentration of 2 ϫ 10 5 nM was reached (reduction of ϳ50 -60%; Fig. 1E ), which matched well with the published IC 50 of zoniporide dihydrochloride for NHE3 (36) . These results also confirmed that OK cells do not express NHE1 and NHE2 at the cell surface.
Solutions
The pipette solution contained (in mM): 115 potassium aspartate (KAsp), 1 EGTA, 0.5 MgCl 2 , 10 Mg-ATP, 12.5 HEPES, 12.5 PIPES, 12.5 MOPS, and 12.5 MES (pH 6.0 -7.5, adjusted with aspartic acid). Pipette solutions were heavily buffered. The free-Ca 2ϩ concentration was maintained at 100 nM by the addition of CaCl 2 , with the amount being calculated by Maxchelator software (http://maxchelator.stanford.edu). The bath solution contained (in mM): 140 NaCl, 2 CaCl 2 , 2 MgCl 2 , and 0.1 Tris-HCl (pH 8.2).
Peptide synthesis
The sequence of the peptide from the CHP1 binding region and the mutant peptide (23) 
Plasmid constructs and short hairpin RNA (shRNA)
His-CHP1 was generated by digestion of enhanced green fluorescent protein (eGFP)-CHP1 (25) with AgeI/BsrGI restriction enzymes. eGFP cDNA was extracted, and a cDNA sequence corresponding to the His 6 tag was substituted in the frame. Mutation of valine 185 to glutamine (V185Q) of CHP1 impaired CHP1's ability to bind NHE1 (28). The CHP1 mutant (His-CHP1-V185Q) was generated by site-directed mutagenesis, with His-CHP1 as the template and the following primer: 5=-GGTTTTGGAAAAAGTGGATCAAGAACA-GAAGATGAGCATCCGATTTC-3= (mutated nucleotides are shown in bold). Site-directed mutagenesis was performed with the QuikChange II kit (Agilent Technologies), according to the manufacturer's instructions. All constructs were sequence verified. Short hairpin (sh)RNA CHP1 (CHPshRNA) was obtained by cloning the sequence used for CHP1-siRNA (24) into the MSCV-LTRmiR30-PIG vector (Open Biosystems, Huntsville, AL) via the XhoI and EcoRI restriction sites, according to the manufacturer's instructions. eGFP in the MSCV-LTRmiR30-PIG vector serves as a marker for CHP1-shRNA expression (eGFP-CHP1-shRNA; ref. 25). eGFP-CHP1-shRNA has been shown to decrease protein expression of endogenous CHP1 in OK cells by 80% (25). For the perfusion experiment, either His-CHP1 or His-CHP1-V185Q was expressed in CHO cells and purified by affinity chromatography with Ni-NTA columns (Qiagen). The purity of the protein was confirmed with silver-stained SDS-PAGE (not shown). After purification, the proteins were concentrated and dialyzed against the desired pipette solution (pH 6.0 or 6.5) using the Slide-A-Lyzer MINI Dialysis Device, 10K MWCO (Thermo-Fisher Scientific, Rockford, IL, USA).
Pull-down assay
OK cells, transiently transfected with His-CHP1 or His-CHP1-V185Q, were lysed in RIPA buffer (containing 100 mM NaCl, 20 mM imidazole, 1% Triton X-100, 0.5% Nonidet P-40, 50 mM Tris-HCl, and protease inhibitor cocktail) at various pHs (6.0, 6.5, 7.0, and 7.5) for 1 h at 4°C. The lysate from a separate pool of cells for each pH condition was centrifuged at 16,000 g for 30 min, the supernatant was retrieved, and the protein content of the supernatants was quantified by the Bradford method (Bio-Rad, Hercules, CA, USA). An equal amount of protein was equilibrated with Ni-NTA beads (Qiagen) at 4°C. The beads were then extensively washed with RIPA buffer at each specific pH. The proteins were eluted in SDS-PAGE loading buffer and subjected to SDS-PAGE. NHE3 was detected by monoclonal mouse anti-NHE3 (3H3) antibody (24, 25, 39). As a control for His-CHP1 binding to Ni-NTA, His-CHP1 (or His-CHP1-V185Q) was detected by Penta-His antibody (Qiagen).
Statistical analyses
The results are represented as means Ϯ se. Quantitative differences between control and test conditions were assessed statistically by ANOVA. Values of P Ͻ 0.05 were considered to be statistically significant.
RESULTS
Overexpression of CHP1 had a dual effect on NHE3 transport
To characterize the role of CHP1 in the regulation of NHE3 transport by oscillating H ϩ selective electrodes, we used an OK epithelial cell line that maintains the characteristics of renal proximal tubule cells (40, 41) . In particular, we selected this cell line because, of all the NHE protein family members, it exclusively expresses NHE3 (refs. 40 -43 and Fig. 1F ), therefore greatly simplifying the analysis and interpretation of the data. Furthermore, the OK cells used in this study express endogenous CHP1 (24).
To obtain the maximum transport of NHE3, we maintained the cells in nearly zero-transport conditions (i.e., the bath solution contained 140 mM Na ϩ , and the pipette solution was nominally Na ϩ free) at pH i 6.0 (30, 31) . pH i was successively increased via the pipette perfusion line. Indeed, NHE3 reached peak transport at pH i 6.0, but rapidly declined with increasing pH i , becoming very low at pH i 7.5 ( Fig. 2A,  black line) . The EC 50 of transport was reached at pH i 6.86 Ϯ 0.25; the Hill coefficient was ϳ2. These data relate well to other results obtained by 22 Na uptake (12). The overexpression of CHP1 tagged with eGFP in OK cells resulted in a shift in NHE3 transport response to pH i toward more acidic pH i without a significant change in the shape of the curve (Fig. 2A, gray line) . The Hill coefficient was still ϳ2, but the EC 50 of transport in cells expressing eGFP-CHP1 was reached at a lower pH i (6.49Ϯ0.11) than that of cells transfected with eGFP alone. This significant shift in NHE3 toward a more acidic pH i indicates that the expression of CHP1 modifies the sensitivity to pH i of NHE3 transport. Indeed, eGFP-CHP1 expression induced a greater inhibition of NHE3 transport than did the control (eGFP alone) cells at a given pH i ( Fig. 2A, gray line vs. black line) .
Overexpression of CHP1 in OK cells has been shown to activate rather than inhibit NHE3 transport in baseline conditions (referred to hereafter as baseline NHE3 trans- port). Activation is attributable to an increase in NHE3 protein abundance at the plasma membrane (25). Indeed, at pH i 6.0 eGFP-CHP1-expressing cells manifested a 3-fold greater rate of pH change than did cells expressing eGFP alone (Fig. 2B , solid gray line vs. solid black line). In support of these results, knockdown of endogenous CHP1 by shRNA led to a complete suppression of NHE3 activity at the same pH i of 6.0 (Ϫ87.88Ϯ16.69%, nϭ6, P Ͻ 0.01 compared with the control). However, if eGFP-CHP1 expression solely modifies baseline NHE3 transport, the curve of its activity at different pH i in CHP1-overexpressing cells would be shifted upward (Fig. 2B , dashed gray line, predicted curve), but would still be shaped similarly to that of the control cells (Fig. 2B , dashed gray line vs. solid black line). The shape of the curve obtained for NHE3 transport from CHP1-overexpressing cells was not similar to that of the one for the control cells-in particular, between pH i 6.0 and 7.0 (Fig. 2B , solid gray line vs. solid black line). Therefore, we postulated that CHP1 overexpression has a dual effect on NHE3 function: it modifies the set point of its transport toward a more acidic pH i and also increases baseline NHE3 transport at pH i 6.0.
NHE3 was inactivated by interaction with CHP1
To analyze the mechanisms of the dual effect of CHP1 expression on NHE3 transport, we attempted to separate the two effects. We hypothesized that changes in NHE3 baseline transport-hence, in NHE3 protein expression-were the result of a long-term effect of CHP1, whereas changes in pH i sensitivity were the result of a short-term effect of CHP1 on NHE3. Indeed, perfusion via a patch pipette perfusion line of the peptide from the CHP1 binding region (NHE3 478 -500 -WT), which competes for CHP1 interaction to NHE3 (Fig. 3C, diagram) , led to an abrupt and sustained activation of NHE3 (Fig. 3A) . pH i 6.5 was chosen for this set of experiments, because it is the pH i closest to the EC 50 of NHE3 in cells expressing eGFP-CHP1 ( Fig. 2A) .
This increase in NHE3 due to the perfusion of NHE3 478 -500 -WT was not caused by the exocytosis of NHE3 at the plasma membrane, given that the C m (an index of cell surface; refs. 33, 44) did not change (Fig.  3A, inset) . To confirm the specificity of this response, we also perfused the cells with the mutant peptide NHE3
478 -500 -4RR, which binds CHP1 inefficiently (23). Perfusion with NHE3
478 -500 -4RR neither modified the activity of NHE3 (Fig. 3B) nor caused a significant change in C m (Fig. 3B, inset Fig. 3C ), normalized to the cell membrane surface, and presented as a percentage of the control (Fig. 3D ).
An opposite effect on NHE3 transport was measured during full-length CHP1 perfusion of the cells. Perfu- 478 -500 -WT peptide (A) and its mutant, NHE3 478 -500 -4RR (B). pH i was maintained at 6.5, and extracellular pH, extracellular Na ϩ , and intracellular Na ϩ were as described in Fig. 2 . Each oscillation represents the recording of NHE3 activity and resulted from the movement of the pH microelectrode close to (higher microvolts) and away from (lower microvolts) the plasma membrane of a single cell. Traces show a momentary stop in the recording of oscillation measurements immediately before and after perfusion of the peptides. Inset: effect on C m (pF) of the perfusion of the NHE3 478 -500 -WT or NHE3 478 -500 -4RR peptides. C, D) Summary of the data expressed as H ϩ flux (C) and a percentage of the control (D). Cells were held in whole-cell configuration, and the peptide NHE3 478 -500 -WT or NHE3 478 -500 -4RR was perfused via a pipette line. Solid circles or squares: average data from individual experiments; bars and error bars: means Ϯ se. Numbers in parentheses: experiments performed in identical conditions. ***P Ͻ 0.001 vs. control; ANOVA.
$ P Ͻ 0.05; ANOVA.
sion of His 6 -CHP1 at pH i 6.5 resulted in a significant (50%) inhibition of NHE3 activity (Fig. 4A, C) without changes in C m (Fig. 4A, inset) . In support of these findings, perfusion of the mutant V185Q of CHP1-His 6 (His-CHP1-V185Q), which weakens the ability of CHP1 to bind NHE1 (28), neither affected NHE3 activity (Fig.  4B , C) nor induced changes in C m (Fig. 4B, inset) . In summary, short-term modifications of CHP1's interaction with NHE3 altered NHE3 transport without changing its expression, thus supporting our hypothesis of a short-and long-term effect of CHP1 on the function of NHE3.
Binding of CHP1 to NHE3 was pH dependent
The overexpression of CHP1 affected NHE3 activity in a pH i -dependent manner (Fig. 2A) ; therefore, we next tested whether the interaction of CHP1 with NHE3 is pH dependent, by using OK cells transiently expressing His-CHP1 in pull-down experiments (Fig. 5) . Endogenous NHE3 binds to His-CHP1 in a pH-dependent manner; indeed, at pH 6.0, there were fewer NHE3 molecules complexed with His-CHP1 than at pH 6.5 (Fig. 5A, top panel) . OK cells transiently expressing the mutant form of CHP1 (His-CHP1-V185Q; ref. 28) were also subjected to a pull-down assay (Fig. 5C top panel) . The NHE3 signal in the pull-down by His-CHP1-V185Q was weaker than the one in the pull-down by His-CHP1 (Fig. 5A vs. C, top panels) . (The NHE3 signal in a pull-down assay by His-CHP1-V185Q was detectable only after overnight exposure of the film, whereas in the case of the pull-down by His-CHP1, it was visible after only a few minutes. pH dependence was still detected in this condition.) The amount of NHE3 present in the lysate of cells expressing either His-CHP1 or His-CHP1-V185Q was similar in the study condition, as well as the expression of His-CHP1 or His-CHP1-V185Q (Fig. 5A, C, bottom panels; D, E) . Indeed, Mishima et al. (28) found no difference in the expression level between CHP1 and CHP1-V185Q. The formation of the NHE3-CHP1 complex was pH dependent and reached its maximum at pH 6.5 (Fig. 5B) , a pH that matches that of the EC 50 for the CHP1-dependent exchanger transport.
This pH dependence in the formation of the NHE3-CHP1 complex was confirmed by measuring NHE3 transport at different pH i during His-CHP1 perfusion of the cells (Fig. 6) . At pH i 6.0, perfusion of His-CHP1 via a patch pipette line did not have a significant effect on NHE3 activity (Fig. 6A) , thus supporting the hypothesis of a short-term effect of CHP1 that is unrelated to NHE3 protein expression, whereas perfusion of His-CHP1 at pH i 6.5 had an inhibitory effect (Fig. 6A) . The transport of NHE3 after His-CHP1 perfusion was significantly different at pH i 6.5 than at 6.0 (Fig. 6B) .
In summary, the formation of the NHE3-CHP1 complex is pH dependent, reaching a maximum at pH 6.5 and maintaining its maximum at a higher pH. At a pH lower than 6.5, CHP1 binds less to NHE3 and does not influence NHE3 pH i sensitivity, but rather its baseline transport (Fig. 2B) .
The CHP1-NHE3 complex was involved in the hormonal stimuli-dependent regulation of NHE3 transport
NHE3 is regulated acutely by a variety of stimuli (14, 16, 17, 45, 46) . We investigated whether the CHP1-NHE3 complex is involved in the hormonal stimuli-mediated Figure 4 . Effect of CHP1 perfusion on NHE3 transport and C m . A, B) Example of a recording set for NHE3 transport in a single OK cell before and after perfusion of purified His-CHP1 (A) and its mutant His-CHP1-V185Q (B). pH i was maintained at 6.5, and extracellular pH, extracellular Na ϩ , and intracellular Na ϩ were as described in Fig. 2 . Inset: effect of perfusion of either His-CHP1 or His-CHP1-V185Q on C m (see Fig. 1 ). C) Summary of the data expressed as a percentage of the control. Bars and error bars: means Ϯ se. Numbers in parentheses: experiments performed in identical conditions. *P Ͻ 0.05 vs. control; ANOVA.
$$ P Ͻ 0.01; ANOVA.
regulation of NHE3. We tested hormonal stimuli that, based on the current literature, acutely regulate NHE3 activity in OK cells, but their effect on NHE3 may or may not be associated with CHP1 (18, 24). Activation of D 1 -type dopamine receptors leads to a decrease in NHE3 transport in OK cells (47, 48) . We obtained results similar to those that had been previously reported using an oscillating H ϩ -sensitive electrode; treatment with 10 Ϫ5 M dopamine at pH i 6.5 resulted in the inhibition of NHE3 transport (Fig. 7A,  left panel) . In a similar set of experiments the NHE3 478 -500 -WT peptide was perfused via a patch pipette line before dopamine treatment (Fig. 7A, right  panel) . The perfusion amplified the inhibition of NHE3 transport induced by dopamine, per se, at the pH i (Fig. 7A, right panel; B) . These findings suggest that NHE3 bound to CHP1 is somehow unavailable for dopamine-mediated inhibition of NHE3. This assumption was supported by the fact that, at pH i 6.0, dopamine inhibited NHE3 transport more than at pH i 6.5 (60 vs. 50%, respectively; Fig. 7B ). CHP1 bound NHE3 less at pH i 6.0 than at 6.5; therefore, the pH i -dependent change in the NHE3 response to dopamine treatment mimicked that of NHE3 478 -500 -WT perfusion. Both effects resulted in a partial dissociation of the NHE3-CHP1 complex and in an enhancement of NHE3 inhibition by dopamine. Dopamine affects NHE3 activity in OK cells via an increase in intracellular cAMP level and activation of protein kinase A (PKA; refs. 47, 49). To confirm the data obtained by dopamine treatment, we mimicked its effect on NHE3 by activation of PKA. 8-Bromo-cAMP (8-br-cAMP), a PKA activator, was added to the OK cells, with or without perfusion with the NHE3 478 -500 -WT peptide (Fig. 7C) . 8-Br-cAMP inhibits NHE3 activity (50, 51) by 60% at pH i 6.5. Perfusion of the NHE3 478 -500 -WT peptide before 8-BrcAMP treatment resulted in an augmented PKA-mediated inhibition of NHE3 activity (ϳ80%). In summary, dissociation of CHP1 from NHE3 by the perfusion of the peptide NHE3 478 -500 -WT or by lowering the pH i resulted in an enhanced inhibition of NHE3 transport by activation of dopamine and PKA.
Activation of A1R by a high concentration of the specific agonist N 6 -cyclopentyladenosine (CPA) inhibited NHE3 activity-this inhibition being associated with an increase in NHE3-CHP1 binding (24). We evaluated the effect of CHP1-NHE3 dissociation on A1R-dependent inhibition of NHE3, by perfusing the competitive peptide (NHE3 478 -500 -WT) and lowering pH i (Fig. 7D) . Perfusion of the NHE3 478 -500 -WT pep- tide via a patch pipette line before CPA treatment resulted in a complete reversal of the NHE3 inhibition induced by CPA. A significant increase in NHE3 activity (ϳ110%; Fig. 7D ) was measured in this condition. Treatment of 10 Ϫ6 M CPA at pH i 6.0 did not affect NHE3 activity. However, treatment with CPA 10 Ϫ6 M at pH i 6.5 resulted in a 50% decrease in NHE3 transport; inhibition of NHE3 activity was reversed by the A1R antagonist, 8-cyclopentyl-1,3-dipropylxanthine [CPX; 10 Ϫ6 M, 5 min, pH i 6.5, Ϫ11.40Ϯ2.64%, nϭ3, nonsignificant (NS) vs. vehicle; pH i 6.5, CPX 10 Ϫ6 MϩCPA 10 Ϫ6 M, Ϫ9.10Ϯ2.87%, nϭ3, NS vs. vehicle]. Of note was that A1R activation with a low dose of CPA (10 Ϫ9 M) resulted in an increase in NHE3 activity as previously reported (50) that was significant only at pH i 6.0 (pH i 6.0, ϩ59.80Ϯ19.63%, nϭ4, PϽ0.05 vs. vehicle and pH i 6.5, ϩ27.00Ϯ18.22%, nϭ7, NS vs. vehicle).
In summary, the inhibition of NHE3 by a high concentration of A1R agonist was dependent on the formation of the NHE3-CHP1 complex. A decrease in the amount of CHP1 bound to NHE3 reduced the effect of A1R activation on NHE3 transport. In contrast, a decrease in the amount of CHP1 bound to NHE3 augmented the effect of the low concentration of the A1R agonist on NHE3, similar to the activation of dopamine receptor and PKA. The effect of the CHP1-NHE3 complex on the acute regulation of NHE3 depends on the specific hormonal stimulus and, in the case of A1R activation, on the concentration of the A1R agonist.
DISCUSSION
Regulation of the NHE protein family is attributable to a change in the affinity for intracellular H ϩ . This pH i dependence inactivates the exchanger at pH i above a certain activity threshold-hence, above a set pointand then activates it rapidly as pH i falls below the set point. Specifically, NHE proteins are thought to be activated through conformational changes caused by intracellular protonation, and the exchanger possesses one or more cytoplasmic pH sensor sites that initiate the changes (12, 52). Indeed, histidine residues at the juxtamembrane cytoplasmic domain of NHE3 participate in the pH i sensitivity of the exchanger (9). pH i sensing is a common feature of the NHE protein family transport function, as C-terminal cytoplasmic regulatory domains involved in the set point of NHE-activation have also been identified for other exchangers (53, 54). In particular, sites of histidine residues devoted to NHE3 pH i sensitivity on its C terminus overlap with the region of CHP subfamily interaction.
Although evidence of allosteric regulatory sites has been collected for Ͼ20 yr, and several hypotheses on the modus operandi of an internal H ϩ sensor site have been proposed over the years, the molecular mechanism responsible for establishing the NHE3 set point remains to be defined experimentally. Validation is lacking because accurate measurement of pH i is sometimes difficult to perform, given the rather limited availability of experimental transport methods for the study of NHE activity. The limitations of typically used methods, such as 22 Na ϩ uptake and fluorescent membrane permeants, includes moderated sensitivity, time resolution, and inadequate control of the intracellular concentration of H ϩ . Measurements of NHE-induced H ϩ fluxes by pH microelectrodes during the recording in whole-cell patch-clamp experiments have been shown to be effective in overcoming some of these limitations (30, 31) . Therefore, NHE3 transport was measured by taking advantage of this technical approach to the study of the molecular basis of NHE3 pH i sensing.
In this study, CHP1 expression increased transport of endogenous NHE3 in baseline conditions in epithelial cells, results that are well matched with previous observations on a CHP1-dependent activation of NHE3 activity in response to an increase in NHE3 protein expression (25). Nevertheless, CHP1 expression not only acted on NHE3 protein expression but also mod- ified the NHE3 response to changes in pH i . A 50% inhibition of NHE3 activity was measured at pH i 6.9 in the control cells; the same inhibition was measured earlier at pH i 6.5 in cells expressing CHP1, with an acidic shift of pH i -dependence induced by CHP1 expression of 0.4 pH i units. Altogether, these results indicate that CHP1 not only increases NHE3 protein expression but also induces a change in NHE3 pH i sensitivity. Next, we determined whether the association of CHP1 to NHE3 triggers the change in pH i sensitivity. Indeed, CHP1 binding to NHE3 induced the pH dependence of NHE3, in particular from pH 6.0 to 6.5. The amount of CHP1 bound to NHE3 increased with the elevation of pH, whereas inhibition of NHE3 was augmented as CHP1 interacted with NHE3. In contrast, preventing the formation of the CHP1-NHE3 complex by perfusion via a patch pipette line of the peptide NHE3 478 -500 -WT at pH i 6.5 induced NHE3 activity. Purified CHP1 perfusion also affected NHE3 activity, confirming the results obtained with overexpressed CHP1, showing that there are NHE3 molecules available to be inhibited by exogenous CHP1. However, the CHP1 perfusion effect was significant, but smaller, compared with that of the NHE3 478 -500 -WT peptide perfusion at the same pH i , thus supporting the biochemical finding that most NHE3 is bound to CHP1 at that pH i . In summary, an increase in binding of CHP1 to NHE3 between pH i 6.0 and 6.5 is proposed as the CHP1-dependent signal that alters the NHE3 set point for pH i . Nevertheless, an important additional effect of acidic pH i of altering the ability of CHP1 to inhibit NHE3 activity, over and above its effect on the CHP1-NHE3 association, cannot be ruled out based on the presented observations. Perfusion of the peptide NHE3
478 -500 -WT modified NHE3 activity but not its amount of surface protein (detected by cell capacitance measurement; Fig. 3A , inset). These findings revealed that short-term modification of the CHP1-NHE3 interaction does not affect the amount of NHE3 protein. In summary, short-term modification of the interaction seems to involve changes in the exchanger's pH i sensitivity, whereas long-term modification involves changes in NHE3's trafficking to the cell surface, possibly promoting its surface stability (22, 29, 55). Indeed, CHP-NHE interaction is thought to happen at an early stage of the transporter's biosynthesis (22). OK cells are estimated to have 10 -15% of total NHE3 on the brush border and the rest of in the cytosol (55), a fact that supports the existence of CHP1-NHE3 pools (brush border vs. intracellular). The 50% of total NHE3 protein that was bound to CHP1 at pH 6.0 (Fig. 5B) comprised a significant portion of the intracellular CHP1-NHE3 pool that might be integral in regulating NHE3's trafficking rather than its surface activity. In summary, these findings support a function for the CHP1-NHE3 complex that is more related to both NHE3 transport at baseline and its molecular functional conformation than to the stimulus-dependent regulatory function as for other NHE3 regulatory complexes (18). Whether this is actually the case or whether acute regulation of NHE3 by physiological stimuli is affected by the formation of the CHP1-NHE3 complex was further investigated. Specific hormonal stimuli were chosen based on their target regions on the NHE3 C terminus (i.e., the NHE3 C terminus distant from or close to the CHP1 binding sequence on NHE3; refs. 17, 18). For example, the D 1 -type dopamine receptor inhibits NHE3 transport in OK cells mainly via activation of the PKA signaling pathway (47, 49) . The region on the NHE3 C terminus that is essential for the PKA response has been shown to be distant from that of CHP1 binding (17, 56). The inhibition of NHE3 transport by dopamine was confirmed by recording H ϩ fluxes at pH i 6.5. Perfusion with the NHE3 478 -500 -WT peptide enhanced dopamine's inhibitory effect on NHE3, indicating that augmentation of NHE3 unbound to CHP1 increased the amount of NHE3 sensitive to inhibition by dopamine. In support of these observations, dopamine's effect on NHE3 activity was quantitatively greater, as the amount of CHP1 bound to NHE3 decreased from pH i 6.5 to 6.0. Similarly, cells treated with 8-Br-cAMP, to mimic the signaling pathway activated by dopamine, responded to perfusion with NHE3 478 -500 -WT peptide, confirming that the NHE3 molecules not bound to CHP1 are sensitive to regulation by dopamine and activation of the PKA signaling cascade. In support of these observations, PKA activation does not interfere with the intrinsic transport function of NHE3 (57). Rather, phosphorylation of NHE3 by PKA has been implicated in NHE3's trafficking along the microvilli (58).
In contrast, CHP1's interaction with NHE3 is critical for the A1R-dependent control of NHE3 activity. The inhibition of NHE3 activity induced by a high concentration of the A1R agonist CPA was reversed by NHE3 478 -500 -WT peptide perfusion, supporting the involvement of the CHP1-NHE3 complex in the regulation of NHE3 by A1R activation (24). The inhibitory effect of CPA was not only reversed by perfusion with the NHE3 478 -500 -WT peptide, but a significant activation of NHE3 was measured in this condition. A1R activation has a dual mode of action on NHE3 transport in OK cells, with CPA Ͻ10 Ϫ8 M activating NHE3 and CPA Ͼ10 Ϫ8 M inhibiting its activity (50). Inhibition of NHE3 activity by a high concentration of CPA is mediated by activation of the intracellular signal pathways Ca 2ϩ /phospholipase C/protein kinase C (PKC) and is dependent on the formation of the CHP1-NHE3 protein complex (24, 50, 59). Inhibition of PKC not only blocks the negative regulation of NHE3 activity but also allows activation of NHE3 in the presence of a high concentration of CPA (50). Similarly, blocking CHP1 binding to NHE3 not only stopped the negative regulation of NHE3 transport but also allowed activation of NHE3 in the presence of a high concentration of CPA. These results showed that an increase in CHP1-NHE3 complex formation participates in the inhibitory, but not in the stimulatory, control of NHE3 induced by CPA, as reported for the effector PKC (50). Indeed, as the effect of dopamine on NHE3 activity was enhanced by reducing the formation of the CHP1-NHE3 complex, so was the effect of a low concentration of CPA on NHE3 activity.
In summary, modification of the amount of CHP1 bound to NHE3 alters the exchanger set point for pH i in baseline and stimulus-mediated conditions. CHP1 may serve as a regulatory molecule for NHE3 conformational changes due to intracellular protonation.
